Canadian hard rock mines continue to reach deeper deposits, which poses greater challenges to mine safety including rock burst control. Destress blasting techniques have been successfully employed in such underground mines with the aim of preconditioning highly stressed rock mass to mitigate the risk for rock burst occurrence in deep mines. In the present study, the efficiency of destress blasting is examined through a comparison between traditional and alternative numerical modelling approaches. The traditional modelling approach assumes a uniformly distributed blast-induced damage zone extending over the entire drift face, whilst the alternative modelling approach, presented herein, simulates the damage zone for each individual blast hole. In the first part of this paper, a 3-D numerical model of a single blast hole is constructed, whereby the extent of blast-induced damage zone is delineated. The latter part of this paper uses the single-hole model results to examine the efficiency of destress blasting as practiced in drift development in deep mines. It is demonstrated through comparison of FLAC3D numerical simulation results that the traditional modelling approach may lead to an overly optimistic indication of destress blasting efficiency when compared with the alternative modelling approach, in which a more precise simulation of the damage zones is applied.
When tunnels are excavated through competent rock mass under high stress conditions, rock 2 bursts, especially strain bursts, can be a serious issue that poses a high risk to underground 3 workers (Abdellah et al. 2013; Mazaira and Konicek 2015; Qiu et al. 2014; Zhang et al. 2014) . In 4 order to reduce the risk, the destress blasting technique has been widely applied in underground 5 mines all over the world (Andrieux et al. 2003; Konicek et al. 2013; Mitri and Saharan 2005; 6 Saharan and Mitri 2011; Tang and Mitri 2001; Zhu et al. 2013) . It was first developed in the 7
Witwatersrand gold mines in South Africa (Roux et al. 1957) . Stress field in the rock mass ahead 8 of the mining face is reduced by practicing destress blasting which reduces the risk of rock bursts 9 while drilling and loading explosives. The aim of destress blasting is to reduce high stress in the 10 rock mass immediately ahead of the mining face. Stress accumulation in rock mass may ascend 11 due to greater depths, mining activities and geologically stiff material. 12 Destress blasting is practiced by drilling and blasting a specific pattern in highly stressed rock 13 mass with relatively smaller explosive charge, prior to the development or production mining 14 cycle. Depending on the application, borehole length, charge length, number and pattern may 15 vary for better results. In situations like face advancement (mine development drifts, crosscuts 16 and tunnels), the length of destress blasting hole is greater than the usual production blasting hole. 17 Thus destress blasting is conducted behind the working face. Destress blasting is followed by the 18 main development blast which exposes the destressed zones. The procedure is repeated and the 19 rock stress is relieved for greater safety at the working face. The pattern of destress blasting varies 20 with the application. It is always performed in the high stress and high energy zones in mines. 21 When the destress blasting is integrated with the mining cycle, the repeated destressing blasting 22 practice ensures that the immediate rock face is stress-relieved. 23 Destress blastholes are charged at the bottom of the blasthole and the charge length is kept small 24 compared to the entire length of the borehole. Also, destress blasting holes are longer than the 25 regular production holes and destress blasting holes are fired prior to the main blasting round. 26 Destress blastholes are fired under confined environment with no free face and thus they are 27 different from the main development blasting holes. The stress profile behind the mine drift face 28 is shown in Fig. 1 . It can be seen that the stresses decrease, away from the mining face with a 29 minimum value equal to pre-mining stresses. Also the stresses are reduced after implementation 30 of destress blasting at the drift face. 
D r a f t
observations such as stress measurements and microseismic activity monitoring before and after 35 the implementation of destress blasting (Andrieux et al. 2003; Konicek et al. 2013) , it is 36 conceivable that tremendous efforts are occasionally required to obtain an ideal blasting design, 37 such as a hole diameter and an explosive charge length, to maximize the efficiency of destress 38 blasting and minimizes damage to the surrounding openings. Thus, it is suggested that numerical 39 modelling techniques can be employed in conjunction with the field measurements. In fact, 40 extensive studies have been undertaken with a variety of numerical simulation techniques to 41 investigate the effect of destress blasting (Blake 1972; Bolstad 1990; Saharan and Mitri 2009; 42 Tang and Mitri 2001; Zhu et al. 2013) . Blake (1972) proposes a parameter, α, which represents a 43 reduction in the modulus of elasticity of rock mass preconditioned by destress blasting. Tang and 44 Mitri (2001) further propose a stress dissipation factor, β, which represents instantaneous stress 45 release in the preconditioned rock mass. These parameters are applied to a numerical model, 46 whereby stress re-distribution induced by destress blasting is simulated in the model, giving a 47 clue to the efficiency of destress blasting. 48 Taking in view the increasing demand for mineral resources, it is envisioned that mining activities 49 will become more intensive at significantly great depths in the near future. Hence, the importance 50 of techniques that can mitigate risks for rock bursts is expected to increase furthermore. 51 Guidelines to perform destress blasting effectively in a proper manner need to be established. This 52 paper puts on emphasis on clarifying a study problem with respect to the effectiveness of destress 53 blasting from the previous study. In order to address the issue, the extent of damage zones induced 54 by destress blasting is examined, using a numerical model with a single blast hole in dynamic 55 conditions. In particular, the present study focuses on destress blasting performed in granite and 56 norite. This is because i) granite has been studied for a long time with laboratory experiments and 57 numerical analyses as the causative rock for strain bursts (Hongjian et al. 2015; Wang and Park 58 2001; Zhao and Cai 2014) and ii) rock bursts have been reported also in the rock mass composed 59 of norite with high stiffness in a deep hard rock mine in Canada (Malek et al. 2009; Snelling et al. 60 2013). Subsequently, destress blasting practice used by industry is examined with a numerical 61 model encompassing a single drift whilst taking into account the estimated extent of damage 62 zone. 63
Study problem and objective 64
Tang and Mitri (2001) simulate stress re-distribution induced by destress blasting for examining 65 its effect on in-situ stress state around a drift face excavated in hard rock under high stress 66 conditions. Their paper employs the parameters α and β, defined above to simulate the 67 Geomechanical effects of destress blasting. These are applied to a numerical model encompassing 68 a drift. The study clearly shows that the stress concentrations taking place ahead of the drift face 69 D r a f t are alleviated with destress blasting, thereby decreasing the potential for rock bursts. The 70 methodology adopted by Tang and Mitri (2001) is simple, in that there is no need to model the 71 actual blastholes in the numerical model to obtain the effect destress blasting. The parameters to 72 simulate preconditioned rock mass are applied to specific zones (drift face) in the numerical 73 model, where the rock mass is presumed to be fractured and destressed by the blasting. 74 However, the methodology adopted by Tang and Mitri (2001) is valid only when the extent of 75 damage zones (destressed zones) to which the parameters are applied is estimated accurately. As 76 shown in Fig. 2 , better understanding of destressed zones around blastholes is critical in obtaining 77 a suitable simulation of preconditioning highly stressed rock mass. The present study aims at 78 estimating the extent of damage zones induced by destress blasting more accurately using a 79 single-hole, 3D model. The results obtained from the single-hole model are then used in a larger 80 scale 3D model of a mine drift for the simulation of destressed zones in a drift face subjected to 81 destress blasting. 
Methodology 86
The present study constructs a 3-D numerical model with a single blast hole, using FLAC3D 87 (Itasca 2009 ), a three-dimensional explicit finite-difference program. Static analysis is first 88 performed so as to simulate the in-situ stress state at a deep underground mine. Subsequently, 89 destress blasting is simulated in the model under dynamic conditions while applying time-varying 90 radial pressure to the surface of the blasthole. In order to realize the proper simulation and 91 evaluation of damage zones induced by the destress blasting, a constitutive model that allows for 92 the strain-rate dependency of the uniaxial compressive strength (UCS) and tensile strength of rock 93 is newly implemented into FLAC3D codes with C++ programming language. Detailed 94 descriptions on the aforementioned model and analysis procedure are given in the following 95
sections. 96
Numerical model 97 Fig. 3 shows the numerical model constructed with FLAC3D codes. As can be seen in the figure, 98 the diameter and length of the blasthole are 0.1 m and 6 m, respectively. According to Mitri 99 (2001), the diameter of a blast hole for destress blasting ranges from 38 mm to 140 mm. In the 100 range, a diameter of 100 mm was adopted in the present study as a representative dimension for 101 destress blasting. Peak borehole pressure is strongly dependent on the blast hole diameters 102 (Saharan and Mitri 2009). Hence, although the present study models the blasthole with a diameter 103 of 100 mm, it is suggested as future work to simulate destress blasting with different blast hole 104 D r a f t diameters and to investigate its influence on the extent of blast-induced damage zones. 105 In general, face destress blasting is performed to reduce stress concentrations and to generate 106 fractured zones ahead of a drift face. Thus, the length of blast holes for destress blasting is 107 designed to be longer than that of blast holes for drift developments; and a blasted area is limited 108 to several feet from its toe, which is site-specific depending on rock mass characteristics, 109 geological conditions and drift advance rate. The present study employs two explosive charge 110 lengths, 0.6 m and 0.9 m. The charge lengths are determined based on practices in a deep hard 111 rock mine located in Sudbury, Canada. Fig. 3 shows a model with 0.9 m charge length (3 feet), 112 which is used to investigate general characteristics of the extent of blast-induced damage zones. 113 In order to replicate the extent of damage zones due to destress blasting as accurately as possible, 
Blast pressure profile 125
To date, a number of formulae have been developed and used to replicate time-varying blast 126 pressure due to detonation and gas expansion (Cho et al. 2003a; Lima et al. 2002; Liu and 127 Katsabanis 1997) as reviewed by Saharan and Mitri (2009) . Among them, the Jones-Wilkens-Lee 128 (JWL) equation of state is widely used because of its simplicity (Itoh et al. 2002; Wang et al. 129 2007; Wei and Zhao 2008 decay functions are employed to simulate time-decaying blast pressure (Emad et al. 2014; Gool 132 2007; Jiang et al. 1995; Sainoki and Mitri 2014; Zhu et al. 2013) . Saharan and Mitri (2009) point 133 out that parameters used in these equations are difficult to obtain for the non-ideal detonation of 134 ANFO type explosives that are often used for destress blasting in underground mines. 135 Furthermore, the authors indicate that the physical significance of parameters used in the decay 136 functions is unknown. Thus, the present study adopts an optimized blast pressure profile proposed 137
by Saharan and Mitri (2009 Fig. 4 depicts the load amplitude of the optimized blast pressure profile, by which peak borehole 143 pressure is multiplied before being applied to the blast hole surface. The load amplitude takes the 144 maximum value 100 µs after the onset of a blast. Afterwards, it drastically decreases as shown in 145 the figure. Although the optimized profile is proposed for a 38 mm diameter borehole, the same 146 profile is used in the present study. As a dominant factor that determines the rise time of explosion 147 pressure is a type of explosives (Saharan and Mitri 2009), the proposed pressure profile is 148 assumed to be applicable to the current model. 149
As mentioned earlier, it is necessary to consider the propagation of detonation along the blast hole 150 for 3-D analysis. The time at which radial pressure starts to rise at a given point, "A", in Fig. 4 is 151 calculated by dividing the distance between the point and the toe of the blasthole by detonation 152 velocity. In this study, ANFO is presumed to be the explosive for destress blasting. According to 153 Adams et al. (1993) , velocity of detonation is 4700 m/s when ANFO explosive is blasted in 76 154 and 86 mm diameter boreholes. In this study, the same value is used. Saharan and Mitri (2009) 155 estimate the peak borehole pressure of ANFO explosive at 2.5 GPa when the diameter of a 156 borehole is 76 and 89 mm. The value is adopted; and it is multiplied by the load amplitude shown 157 in Fig. 4 during the dynamic analysis. In this way, time-varying blast pressure applied to the 158 surface of the blasthole is computed. 
Material properties 164
As discussed, the present study investigates destress blasting performed in the rock mass 165 composed of granite and norite. Table 1 lists the mechanical properties for both the rock types. In 166 the table, modulus of elasticity, E, uniaxial compressive strength, σ c , Poisson's ratio, ν, and unit 167 weight of rock mass, γ, are the mechanical properties of granite and norite derived from the case 168 study conducted by Malek et al. (2009) . The friction angle, ϕ, of granite is based on the triaxial 169 tests of granite performed by Yun (2008) , while the friction angle of norite is estimated from the 170 friction angle and uniaxial compressive strength of African norite reported by Vanichkobchinda et 171 al. (2007) . The tensile strength, σ T , is estimated from the UCS, using the equation developed by 172 Altindag and Guney (2010) . The dilation angleψ is set to 8.75˚ for both the rock types in this 173 study. Importantly, during the dynamic analysis, the rock strength increases with strain rate asD r a f t strain rate dependency is taken into consideration. It is well-known that the compressive and tensile strengths of rock have strain rate dependency. 180
As a significantly high strain rate is expected to be induced by the dynamic blast loads, it is 181 imperative to allow for the strain rate dependency of rock strength. To date, extensive studies have 182 been undertaken to examine the characteristics of rock strength under high strain rates (Cho et al. 183 2003c; Hao and Hao 2013; Kubota et al. 2008; Lajtai et al. 1991; Li et al. 2013; Wu et al. 2012; 184 Xia 2013; . As can be seen in the studies, the strain rate dependency varies 185 depending on rock types. More importantly, as pointed out by Hao and Hao (2013) , the dynamic 186 increase factor (DIF) obtained from experiments is susceptible to a number of factors, such as 187 lateral inertia confinement, friction confinement between the specimen and impact materials, and 188 the size and geometries of the specimen. Hao and Hao (2013) collect DIFs from previous studies 189
and propose an empirical relation between DIF and strain rate for the compressive strength of 190 granite after eliminating the effect of lateral inertia confinement. The proposed relation is 191 employed in this study. In addition, the authors derive the best-fitted curve that represents DIF for 192 the tensile strength of rock. Although the fitted curve is computed without considering rock types, 193 it is adopted in this study due to lack of information. These relations are expressed as follows: 194 ( ) 
where CDIF and TDIF are DIFs for compressive strength and tensile strength, respectively; ߝሶ is 199 strain rate. It is found from Equation (1) that CDIF cannot be calculated when strain rate is less 200 than 1 s -1 . However, strain rate dependency still exists when strain rate is below the level. Hence, 201 in the dynamic analysis, Equation (1) Equation (1) and (4) are used in order to avoid overestimating the dynamic strength. 206
It appears that there is no substantial information available to investigate the strain rate 207 dependency on the internal friction angle and cohesive strength of rock. Thus, the present study 208 assumes that the internal friction angle of granite is not affected by strain rate. During the dynamic 209 D r a f t analysis, the UCS in Table 1 is multiplied by the computed CDIF, which results in an increase in 210 cohesive strength. Regarding the tensile strength, it is simply multiplied by the TDIF. 211
The Mohr-Coulomb model implemented into FLAC3D model is accordingly modified with C++ 212 programming language so that the change in the cohesive and tensile strengths is taken into 213 consideration during the dynamic analysis. When the failure criterion is satisfied, either CDIF or 214 TDIF is set to 1.0, depending on the failure type, e.g., if shear failure takes place, CDIF is set to 215 1.0. After that, perfect elasto-plastic behaviour is simulated. 216
Granite and norite are known to exhibit brittle behaviour, especially under uniaxial 217 stress condition. However, as confining stress increases, the behaviour becomes more 218 ductile, known as brittle-ductile transition (Jaeger et al. 2007 ). For instance, quartzite is 219 known for its brittle behaviour, but it behaves in almost a perfect elasto-plastic manner 220 when confining stress reaches 50 MPa. Destress blasting is generally performed within 221 a massive rock mass subjected to high compressive stress. In this study, confining stress 222 (minimum principal stress) is about 44 MPa at a depth of 1500 m, under which the rock 223 mass is expected to behave in a more ductile manner. Therefore, the use of the perfect 224 elasto-plastic model would be acceptable and reasonable. 225
Initial stress state 226
As this study focuses on destress blasting performed in a deep underground mine, the in-situ 227 stress state simulated in the numerical model is derived from the case study of a deep hard rock 
where σ 1 , σ 2 , and σ 3 denote the maximum horizontal stress, the minimum horizontal stress, and 234 vertical stress, respectively; D represents a depth from the surface. It is to be noted that the unit of 235 calculated stresses from those equations is "MPa". In this study, the stress state at a mining depth 236 of 2000 m is applied to the model as an initial stress state. 237
238

Analysis procedure 239
First, static analysis is carried out, in which the maximum and minimum horizontal stresses 240 calculated from Equations (5) and (6) are applied to the lateral boundaries, and the vertical stress 241 calculated from Equation (7) is carried out while applying the time-varying blast pressure to the surface of the blasthole. The 246 boundary conditions applied in the static analysis are changed to viscous when the dynamic 247 analysis starts, in order to prevent stress waves generated by the blast pressure from reflecting on 248 the model boundaries. 249 A timestep used in the dynamic analysis is automatically optimized on the basis of the volume of 250 each zone of the model, P-wave velocity derived from the rock mass mechanical properties, and 251 the face area of each zone (Itasca 2009 which special parameters are applied to blast-induced fractured (damage) zones. It is to be noted 259 that the damage zones are assumed without any verification. In order to make the evaluation more 260 reliable, the extent of damage zones, to which the parameters are applied, has to be estimated in a 261 more appropriate manner. To date, a number of damage criteria related to blast vibrations have 262 been developed. Brinkmann (1987) proposes a chart describing the relation between peak particle 263 velocity and blast-induced damage to rock mass. Saharan and Mitri (2009) introduce fracture 264 length parameters to assess the extent of damage zones induced by blasts. Zhu et al. (2013) 265 examine the degradation of the modulus of elasticity due to tensile and shear failures to 266 investigate damage zones after destress blasting. In the present study, as rigorous relations 267 between strain rate and the failure strength of rock in tension and shear are employed, damage 268 zones are examined with the extent of yielding zones due to tensile and shear failures around the 269 blasthole. 270
Results and discussion 271
Extent of damage zones 272
First, the extent of damage zones is examined, with cross sections A, B, and C illustrated in Fig. 3,  273 in order to gain a better understanding of its general characteristics. The model used has a charge 274 length of 0.9 m and the mechanical properties of granite. It can be seen from the figure that the 275 cross sections are located 0.3 m, 0.6 m, and 0.9 m away from the toe of the blast hole, respectively. 276 Fig. 5 shows the extent of damage zones on the cross sections. The characteristic noticed from Fig. 277 5 is that the damage (yielding) zones extend deeper to the surrounding rock in the x-direction than 278 in the z-direction, and the characteristic appears more noticeable on the cross sections A and B. As 279 D r a f t can be seen in Fig. 5(a) , the damage zone extends up to 0.55 m from the center of the blast hole in 280 the x-direction, while it extends only 0.3 m from the blast hole in the z-direction. It is deduced that 281 the difference in confining stress between the x-and z-direction contributes to the different extent 282 of the damage zone. As the blast pressure is applied perpendicular to the wall of the blast hole, the 283 confining stress (minimum principal stress) is σ zz in the region where the stress waves resulting 284 from the blast pressure propagate in the horizontal direction from the side wall, although, in the 285 vicinity of the side wall, σ yy is the minimum principal stress because of the stress re-distribution 286 caused by the blast hole. On the other hand, in the region where the stress waves propagate in the 287 vertical direction from the crown of the blasthole, either σ yy or σ xx acts as the confining stress, 288 depending on the propagation of blast-induced stress waves. This is because when the first 289 compression waves propagate in the vertical direction, the confining stress is σ yy , whereas there is 290 a possibility of σ xx acting as the confining stress when tangential tensile stress occurs after the first 291 compression waves pass over (Zhu et al. 2007) . As indicated in section 3.4, the maximum and 292 minimum horizontal stresses are greater than the vertical stress, σ zz , suggesting that the 293 occurrence of shear failure is controlled in the area where the horizontal stresses act as the 294 confining stress. As shown in Fig. 5 , the difference in the extent of damage zones between the x-295 and z-direction in cross section C is not as clear as in cross section A. It is speculated that this is 296 because the in-situ stress states are significantly disturbed due to the stress re-distribution 297 associated with the elasto-plastic behaviour of the rock mass that occurred before the detonation 298 reaches the location of cross section C. Another observation from the figure is the tensile failure which extends in the radial direction 305 from the blast hole. Radial cracks extending from the blast hole are simulated and reported in 306 previous studies (Banadaki and Mohanty 2012; Cho et al. 2003b; Zhu et al. 2013; Zhu et al. 2007) . 307 As discussed in previous studies, after radial compressive stress due to the applied blast pressure 308 passes, tangential tensile stress takes place, inducing tensile cracks and fractures. As found in Fig.  309 5, the damage zone due to shear failure is more pronounced than that due to tensile failure. 310 Therefore, further discussion on the development of tensile failure is not conducted in the present 311
study. 312
Damage zones of granite and norite used for a 3D model encompassing a drift 313 The following sections utilize 3D configurations of the damage zones, for granite and norite, Table 1 . Using the 3D shapes, the 319 efficiency of destress blasting is examined with a 3D model encompassing a drift in the latter part 320 after simplifying the geometry of the damage zones. The simplification is indispensable as 321 modelling exactly the same geometry of damage zones in the 3D model with a drift requires dense 322 mesh discretization near the damage zones for each blasthole, thereby resulting in increase in 323 computation time. Also, considering the application of the results to other case studies, 324 approximating and simplifying the geometry of damage zones would be inevitable. In the present 325 study, it is proposed to simplify the damage zones with an ellipsoid. As discussed in the previous 326 section for Fig. 5 , the shapes of the damage zones on the cross sections appear to be elliptical. 327 Considering the fact, the simplification to an ellipsoid would be acceptable. 328 The developed simulation method in the present study makes it possible to estimate the extent of 329 damage zones around the blast hole in a simple manner, considering time-varying blast pressure 330 and strain rate dependency on the strength of rock. From a practical perspective, this method is 331 useful and applicable to any cases. Whether or not the rock mass is appropriately destressed 332 depends on many factors, such as stress states and rock mass properties, which could significantly 333 vary even in the same mine. With this method, estimating damage zones around blast holes for 334 destress blasting is straightforward. More importantly, the estimated extent of damage zones can 335 be used with the method to evaluate the effectiveness of destress blasting employed by Tang and 336
Mitri (2001), which is discussed in following sections. 337
Case Study 338
A Canadian hard rock mine located in Sudbury, Ontario, is considered as the case study for this 339 work. The mine is very deep and has been experiencing the problem of strain bursts for quite a 340 while. High stress in tandem with stiff country rock and ore bodies makes the conditions adverse 341 for mine safety and efficient extraction of ore. The mine practices destress blasting technique for 342 tackling high stresses and thus reducing the potential for strain burst. The common destress 343 blasting practice of the mine is to destress the high stress zone one round behind the drift face and 344 then initiating the main blast for drift development. The destressed zones are exposed after the 345 main blast. 
Numerical modelling of destress blasting 367
The rock fragmentation factor α proposed by Blake (1972) , accounts for a reduction in rock mass 368 modulus, it can be computed through the equation (8) where E before and E after are the elastic modulus of rock before and after destress blasting, 371 respectively; α ranges between 0 and 1. When α is equal to one, the rock mass maintains nearly 372 the same modulus of elasticity it had before destressing. When α is minimum (that is close to 373 zero), it means that destress blasting has caused substantial softening of the rock mass. As the 374 rock mass becomes softer after being destressed, it is plausible to suppose that the Poisson's ratio 375 effect becomes greater. To this end, Tang and Mitri (2001) propose a simple expression to 376 estimate the Poisson's ratio after destressing in terms of α. This is given by equation (9). 377
where ν before and ν after are Poisson's ratios before and after destress blasting. When α = 1, the 379
Poisson's ratio after destressing remains the same. This is consistent with the equation (8) where σ before and σ after are stresses within zones subjected to blast-induced damage before and after 386 D r a f t destress blasting. In the above equation, when β = 0, it implies that the state of stress remains 387 unchanged after destress blasting. In practice, this represents a situation where no stress or energy 388 is dissipated from destressed zones. When β = 1, it means that the energy and stress are dissipated 389 considerably in the rock mass. 390
The present work carries out and compares three analyses. In the first analysis, the parameters α 391 and β are not applied, consequently simulating before destress blasting case. In the second 392 analysis the α and β are applied to the entire drift face volume affected by destress blasting, as 393 shown in Fig. 7 (a) -thus simulating the traditional modelling approach of destress blasting 394 suggested by Blake (1972) and Tang and Mitri (2001) with α value of 0.4 and β value of 0.6 395 applied over almost the entire drift face, as shown in Fig. 7 (a) . In the third analysis, the 396 parameters α and β are applied only to the individual damage zones as predicted by the 3D 397 single-hole blast model, as shown in Fig. 7 (b) . The values of α and β are kept the same as in the 398 second analysis. In the fourth analysis, destressing is modelled for the case of maximum damage 399 achieved by destress blasting by assuming α = 0.1 and β = 0.9 applied to the individual damage 400 zones predicted by the single-hole blast model, as shown in Fig. 7 (b) . The models are solved with an isotropic linear elastic constitutive model in FLAC3D. As a first 413 step, rock mass properties obtained from published literature (Malek et al. 2009) 
Results and discussion 421
Numerical modelling of the drift at the case study mine shows that the drift face is under high 422 stress, which may lead to strain burst. The results are shown in Fig. 8 in terms of major principal 423 stress for the drift under consideration while simulating no destress blasting (first analysis). As 424 can be seen, the stress value at the centre of the face is 93 MPa, and near the corners and sidewalls 425 it is approaching 196 MPa and 226 MPa, respectively. Destress blasting is then simulated with the 426 traditional modelling approach employing α=0.4 and β=0.6 (second analysis) and the results are 427 shown in Fig. 9 . It can be seen that the stress level is reduced significantly. The stress value at the 428 centre of the drift face is around 74 MPa, while the stress near the corner and sidewall is 164 MPa 429 and 183 MPa respectively. As anticipated, the results of the traditional modelling approach for 430 destress blasting suggest lower stresses and fewer zones with high stress. A numerical parametric study is performed to study the effect of rock type and destress blast 452 efficiency. The mine development openings are hosted by norite and granite rock types. Both the 453 rock types are studied in this work. As discussed earlier the average destress blasting simulation 454 can be performed by considering α value of 0.4 and β value of 0.6. Efficient destress blasting 455 D r a f t simulation will translate in to α value of 0.1 and β value of 0.9. 456 This makes a total of three analyses for each rock type. Cases 1, 2 and 3 are simulated for norite. 457 The case 1 assumes that traditional modelling approach is performed. The case 2 assumes that 458 average destress blasting is performed with modelling individual damage zones. The case 3 459 assumes that efficient destress blasting is performed with modelling individual damage zones. 460 The cases 4, 5 and 6 are repetition of cases 1 to 3 with a change in rock type from norite to granite. 461 The major principal stress values before and after destressing at the centre, near the side wall and 462 corner of the drift face for norite and granite are shown in Table 4 and Table 5 respectively. A 463 comparison of traditional modelling approach of destressing, average blast damage and 464 maximum blast damage is also made in Table 4 and 5. Stress to strength ratio (σ 1 /σ c ) is also 465 computed for all results after destress blasting. As can be seen, the maximum stress is 466 accumulated for the case of average blast damage with modelling individual damage zones. Also, 467 the ratio σ 1 /σ c is very high for drift side walls and corners. The value of σ 1 /σ c ratio at centre of the 468 drift is lower for all the cases. 469 Table 4 and Table 5 show that both norite and granite acquire comparable stresses after simulating 470 destress blasting. However the σ 1 /σ c values are higher for norite than granite, because UCS of 471 granite is much higher than norite. The stresses are higher near the sidewalls and corners even 472 with simulating efficient destress blasting. The centre of the drift acquired relatively lower stress 473 compared to drift sidewalls and corners for both the rocks. 474 Table 4 . Maximum face stresses before and after simulating destress blasting for norite. 475 476 Table 5 . Maximum face stresses before and after simulating destress blasting for granite. 477
478
The major stress in the walls, back and floor of the drift for simulating the drift before destress 479 blasting, case 2 and case 3 are shown in Fig. 11 . As can be seen in Fig. 11 a) the maximum stress 480 in the drift wall is around 98 MPa at a distance of 2 m in front of drift face. The stress in the centre 481 of the back and floor is around 52 MPa at a distance of 2 m in front of drift face. However the 482 stress at the corners of back and floor are higher (around 240 MPa). Fig. 11 b) and c) shows 483 destress blasting simulation with modelling individual damage zones. As can be seen the wall 484 stresses are reduced negligibly at respective locations due to smaller volume of destressed zones. The major principal stress values before and after destressing in the walls, floor and back of the 489 drift for norite and granite are shown in Table 6 and 7, respectively. These values are recorded 2 490 D r a f t metres in front of the drift face, at the centre of the back, floor and walls. A comparison of average 491 blast damage (case 2 and 5) and maximum damage (3 and 6) is also made in Table 6 and 7 for side  492 walls, and roof and floor. Stress to strength ratio (σ 1 /σ c ) is also computed for all results after 493 destress blasting. σ 1 /σ c values are very low for side walls, floor and back. As can be seen from 494 Tables 6 and 7 , the traditional modelling approach reduces the walls stresses and roof/floor 495 stresses. Noticeably, the destress blasting simulation method with individual damage zones 496 reduced stresses insignificantly. 497 498 Table 6 . Maximum wall, floor and roof stresses before and after destressing for norite. 499 500 Table 7 . Maximum wall, floor and roof stresses before and after destressing for granite. 501
502
These results show that the traditional modelling approach of destress blasting inherently 503 over-estimates the volume of blast zones produced as a result of destress blasting. The 504 over-estimation is sometimes extended to include the entire drift face. The new methodology of 505 simulating destress blasting should include estimation of fragmented zones using the fully 506 dynamic analysis under in-situ confined conditions with infinite burden for destress blasting 507 holes. Then blast damage zones should be imported in the drift model and destress blasting should 508 be simulated using α and β parameters in accordance with equations (8), (9) and (10) . 509 This research indicates that the current destress blasting practice may not lead to full-face stress 510 relief as originally intended. It is therefore recommended that the current practice be revisited, 511 with consideration to creating uniform blast energy distribution ahead of the face, e.g. by 512
increasing the number of destress holes. Consideration of adding notched drill holes without 513 explosives may also help in accelerating the initiation and development relaxation zones as the 514 notched holes are more likely to collapse faster than holes without notches under high stress 515 conditions, and fractures can more easily extend. 516
The efficiency of destress blasting can be examined through on-site stress measurements and 517 microseismic monitoring. This will help calibrate and validate the numerical model and can also 518 help optimize the destress blast design for maximum stress relief. This would be the next step in 519 this research. 520
521
Conclusions 522
The traditional modelling approach for destress blasting proposed by Blake (1972) and Tang and 523 Mitri (2001) is based on a holistic approach that considers that the area affected by destress 524 blasting is uniformly distributed ahead of the face with uniform reduced stiffness and reduced 525 stress factor. In this paper, an alternative approach for simulating destress blasting is examined. It 526 D r a f t considers only the damage zone caused by individual blastholes. 527
To accomplish that, a numerical model with a single blast hole is constructed and analyzed in 528 dynamic conditions whilst simulating destress blasting in order to investigate the extent of 529 blast-induced damage zone. The results obviously show that in-situ stress state exerts a large 530 influence on the extent of damage zones. In particular, damage zones extend deeper to the 531 surrounding rock mass in the direction of the maximum principal stress due to the lower confining 532 stress in the direction. More importantly, it is further shown that the damage zones mainly take 533 place within the blasted area and are proportional to a charge length at a rough estimate, 534
suggesting that the extent of damage zones for different charge lengths can be roughly estimated. 535
Based on the results, the efficiency of destress blasting is examined with a numerical model 536 encompassing a drift development. The rock fragmentation and stress dissipation factors are 537 adopted to simulate destress blasting for both the traditional and alternative modelling approaches. 538 It is shown that the traditional modelling approach may give an overly optimistic indication of 539 good destress blasting practice when compared with the alternative approach, in which a more 540 precise simulation of the damage zones is applied. Using the alternative modelling approach, it is 541 further found that even the maximum possible damage does not achieve a completely Tables   Table 1. Rock mass mechanical properties. Table 2 . Destress blast hole specification chart. Table 3 . Input parameters for numerical model. Table 4 .Maximum face stresses before and after simulating destress blasting for norite. Table 5 . Maximum face stresses before and after simulating destress blasting for granite. Table 6 . Maximum wall, floor and roof stresses before and after destressing for norite. Table 7 . Maximum wall, floor and roof stresses before and after destressing for granite. D r a f t Table 1 . Rock mass mechanical properties. Average stress dissipation factor, β 0.6
Maximum fragmentation factor, α 0.1
Maximum stress dissipation factor, β 0.9 Note: σ 1 , σ 2 and σ 3 are extracted from O'Donnell (1992) and rock mass properties are extracted from Malek et al. (2009) , where D is a mining depth 
